Grain morphology and crystallographic texture were investigated by electron microscopy in four different polycrystalline forms of superconducting MgB 2 . The materials included a hot-pressed sintered MgB 2 pellet, a pellet reacted in situ from Mg and B, an in situ reacted MgB 2 filament and a pulsed-laser-deposited thin film grown on a single crystalline [111] oriented SrTiO 3 substrate. Thick plate-shaped grains with an aspect ratio of ∼3 and large faces parallel to (0001) planes dominated the microstructure in all four types of sample. The intermediate-sized plate-shaped grains (0.1 µm × 0.3 µm on average) in the electromagnetically most homogeneous parts of the hot-pressed pellets were strongly facetted, but not textured. Large (3-5 µm) plate-shaped grains were seen in the pellet reacted directly from stoichiometric Mg and B. A tendency for parallel alignment of the [0001] axes of the considerably larger grains (∼0.25 µm × 1 µm) in the filament was observed near its W core, but degradation of this texture away from the core was apparent. The very small grains (∼10 nm) of the thin film possessed a well-defined fibre texture with [0001] parallel to the film normal and no preferred orientation in the plane of the film. Electrical resistivity of the finest grain samples was some 10 3 times higher than the largest grain sample and their critical current density about one order of magnitude higher. We conclude that, in contrast to the cuprate-based high-T c superconductors, grain boundaries do not limit the critical current density of polycrystalline MgB 2 and indeed act as flux-pinning centres, which enhance the critical current density.
Introduction
The discovery of superconductivity at 39 K in magnesium diboride [1] has suggested the development of a new class of superconducting materials for applications in largescale magnet and small-scale electronic technologies. The 39 K superconducting transition temperature of MgB 2 is significantly higher than that of either of the current workhorse superconductors, Nb-Ti (9 K) and Nb 3 Sn (18 K). The upper critical field (H c2 ) and irreversibility field (H * ) of MgB 2 are lower than those of the Nb-based alloys [2] when in bulk form, however, suggesting that the binary compound is very closely stoichiometric and that MgB 2 lies in the long meanfree path, the clean limit for which the electron mean-free path (l∼60 nm for a normal state resistivity ρ (40 K) ∼ 0.4 µ cm) is much larger than the superconducting coherence length (ξ ∼ 5 nm) [3] . However, many samples have much higher resistivities, perhaps indicating grain boundary or secondphase particle scattering [2] . Moreover, both Hc 2 and H * are a factor of two higher in MgB 2 thin films where substantial oxygen can be detected. These films also have much higher normal state resistivities than bulk samples [4] . However, most films have reduced T c values lying in the range ∼25-35 K [5, 6] and only a few films with a T c of 39 K have been reported [7] [8] [9] [10] . Thus, it appears that H c2 and H * can be increased to practical values through alloying of the MgB 2 [4] . Critical current densities of films are generally higher than for bulk samples and the relatively good fit of J c to the Kramer pinning function suggests that grain boundaries act as pinning centres for fluxoids [2, 3, 11] . Understanding how best to do this implies developing a much better understanding of the influence of processing on the microstructure in a wide variety of product forms than presently exists. Material defects such as grain boundary second phases and aspects of the dislocation structure inside MgB 2 grains of a sintered pellet have been studied by electron microscopy, but the generality of the observations and the connection to electromagnetic properties remains unclear [12] [13] [14] . Given that MgB 2 is a layered compound that exhibits some anisotropy [15] [16] [17] , the grain shape and texture are likely to be important. This paper provides an early view of the microstructure of MgB 2 fabricated by different processing techniques. This paper describes electron microscopy and electron diffraction examination of the microstructure of MgB 2 synthesized in four significantly different ways. It identifies the anisotropic grain shape, varied grain size and degree of crystallographic texture that were observed in a pellet sintered from pre-reacted MgB 2 powder [2] , a pellet reacted in situ from Mg and B [18] , a B filament reacted with Mg vapour [3] , and a post-annealed thin film deposited by pulsed laser ablation [4] .
Experiment
The micron-scale electromagnetic and microstructural homogeneity of the hot-pressed sintered pellet previously had been investigated by combined magneto-optic (MO), conventional light, and scanning electron microscopy (SEM) [2] . The MO images showed direct evidence of strongly superconducting regions on scales of the order of 100 µm that are separated by inhomogeneous, weakly superconducting regions of similar dimensions. These two types of regions were easily distinguished in both light and SEM images, and each showed evidence of sub-micron-scale microstructure. A TEM specimen that contained distinguishable coarse-scale regions of stronger and weaker electromagnetic connectivity was prepared by mechanical polishing and ion-milling along an arbitrary direction of the original pellet.
The sintered pellet of MgB 2 was made by sealing a stoichiometric mixture of Mg and B in a Ta tube and heating to 950
• C for 2 h [18] and was later mechanically polished and studied by SEM.
The MgB 2 filament was produced by reacting a W-cored B fibre with Mg vapour at 950
• C for 2 h [3] . The TEM specimen was mechanically polished along its long axis to approximately equal depths from opposite sides of the filament so as to reveal the whole cross section.
The thin film was deposited by pulsed laser ablation of a pre-reacted MgB 2 target at room temperature onto a [111] oriented SrTiO 3 single crystal substrate. X-ray diffraction analysis suggested that the film was amorphous in the asdeposited state. The film was annealed at 750
• C for 30 min in a sealed quartz ampoule in order to form crystalline MgB 2 . The c-lattice parameter of this sample was slightly expanded, indicating, we believe, the incorporation of O into the MgB 2 structure [4] . A cross-sectional specimen was polished and ion milled from both sides, while a plan-view sample was polished and ion milled from the substrate side only, so as to retain the better superconducting top half of the 500 nm thick film.
Details of the fabrication and electromagnetic properties for each of the materials studied are described elsewhere [2] [3] [4] 18] . The TEM imaging and electron diffraction were carried out in the TEM at an accelerating voltage of 200 kV.
Results

Sub-micron scale microstructure of a sintered pellet
Complementary light microscope and very low magnification TEM images of the TEM sample prepared from the sintered pellet are shown in figure 1. In the preceding study of this pellet [2] , regions such as those marked S1 in figure 1(a) , which appear bright and homogeneous in a light microscope image, were shown to have strong and well-connected superconducting properties. A region of weaker connectivity is indicated by arrow W1. Comparison of the light micrograph in figure 1(a) and the low magnification TEM image in figure 1(b) shows that such stronger and weaker regions can be readily selected for further study by TEM.
The MgB 2 grain structure observed in region S1 is shown in the bright-field TEM image of figure 2(a). Selected area diffraction examination of more than 20 grains confirmed that all single crystal diffraction patterns could be fully indexed as the hexagonal MgB 2 phase. The ∼200 nm characteristic grain size and the planar, approximately parallel faces of many of the grains are quite apparent. The [0001] crystallographic orientation of the largest flat face of a few of the grains was determined explicitly from selected area diffraction patterns and is indicated in figure 2 number of grains. This result was confirmed on more than ten additional grains that are not included in the area shown in figure 2(a) . The frequent appearance of approximately rectangular-shaped grain sections, flat grain surfaces and sharp angles is consistent with a vast majority of the grains being plate shaped with a height-to-width aspect ratio of about three.
Images like that in figure 2(a) suggest the absence of grain-to-grain or large-scale preferred orientation. The diffraction patterns obtained from volumes containing many grains were spotty ring patterns with no apparent symmetry, also suggesting a lack of local crystallographic texture, even in the strongly superconducting regions of this material. As labelled in figure 2(a), the sintered pellet showed a porous, sponge-like structure caused by amorphous B-rich pockets lying between the rectangular MgB 2 grains, whose surface could be contaminated by the formation of oxides [13 and 14] .
Figure 2(b) shows a bright field TEM image from region W1 in figure 1. The microstructure revealed by light microscopy in this region correlates directly with weak superconducting properties in magneto-optic images [2] . The sharp faceting of the grain surfaces and grain boundaries observed in the regions with superior superconducting properties is replaced by smoothly curved grain boundaries and a lack of distinctive grain shape in the inferior regions. However, electron diffraction patterns from regions like W1 are indistinguishable from those with the morphology shown in figure 2(a). Thus, it appears that the same single phase is present in both microstructures. Energy dispersive x-ray microanalysis in a focused electron beam mode also did not reveal any significant composition differences between the two specimen areas. Such measurements, however, are rather insensitive to the local B concentration.
Grain shape anisotropy and grain size of a pellet reacted in situ from Mg and B
The microstructure of directly reacted Mg with B was studied by SEM. The SEM images show a rather homogeneous grain structure which is similar to that found in the strongly coupled region S-1 of the hot sintered pellet. Plate-shaped grains (3-5 µm) with aspect ratio of around 3 are clearly indicated in figure 3. Figure 3 . SEM image of a thicker region of the TEM sample after mechanical polishing and final ion milling. The original MgB 2 bulk sample was produced from Mg and B powder by direct reaction.
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Grain shape anisotropy and crystallographic texture in the filament
The inset of figure 4 at upper left corner is a light micrograph of the TEM specimen, showing the ∼10 µm diameter W core and the MgB 2 microstructure both close to and far from the MgB 2 /W interface region. A bright field TEM image near the W core is shown in figure 4 . Many of the MgB 2 grains close to the W core have a rectangular cross section with an aspect ratio of about 3 and are oriented such that their large flat faces lie parallel to (0001). Arrows labelled 'c' indicates the [0001] orientation determined by electron diffraction. The grain size in the vicinity of the W core is in the 0.3 µm × 1 µm range. Thus, the grain size is somewhat larger than for the hot-pressed sintered pellet. Some preference for neighbouring grains to align with parallel [0001] axes was observed, leading to a local crystallographic texture. The parallel alignment of the [0001] axis in many neighbouring grains is in contrast with the lack of even local crystallographic texture in the sintered samples.
The microstructure was considerably different near the outer edges of the filament. As shown in figure 5 , the grain size increased to several micrometers. Some grains with [0001] in the plane of the TEM specimen appeared equiaxed, whereas others were rectangular. Because the specimen thickness is much smaller than the grain size, it is not possible to draw a firm conclusion as to the grain shape anisotropy in this part of the filament. However, a more equi-axed grain structure, as shown in figure 5(a) , suggests itself. Dislocation arrays were observed in a number of these grains, as shown in figure 5(b) , indicative of plastic deformation, perhaps under the influence of growth stresses produced by the filament diameter expansion from ∼100 µm before reaction to ∼160 µm after reaction [3] .
Grain shape anisotropy and crystallographic texture in the thin film
Images and diffraction patterns from the thin film are shown in figures 6-8. Cross-sectional TEM specimens were particularly difficult to prepare because of delamination, as the low magnification image of film and substrate in figure 6(a) shows. The SrTiO 3 substrate appears as a dark block across the bottom of the image. The smoothly curved, cantilever-like whisker is the MgB 2 film that has detached itself from the substrate and deformed as the specimen was thinned for TEM. Figure 6 (b) shows a full cross section of the film and the film-substrate interface. This image was obtained from the area of figure 6(a) to the far left where the film was flat and in contact with the SrTiO 3 substrate. Figure 6 (b) reveals the presence of an amorphous layer, which appears to be grey and featureless. The amorphous layer lies between the crystalline MgB 2 layer (mottled grey in the image) and the substrate. In this portion of the sample, the amorphous layer occupies about half of the film thickness, suggesting that only the top half of the measured 500 nm full film thickness is superconducting.
The interface between the crystalline MgB 2 and the amorphous layer is sharp, at least over the ∼100 nm thickness of the cross-sectional TEM sample. Evidence of an approximately 200 nm thick intermediate layer of alternative microstructure, possibly a reaction layer between the amorphous and crystalline material, is also clear at the bottom of the crystalline portion of the film. The interface between the amorphous material and the SrTiO 3 is very sharp. The sharpness of these two interfaces is a strong indicator that the amorphous layer was present prior to thinning and is not an artifact of TEM sample preparation. Pockets of amorphous material were also observed in the upper half of the film. The fracture that led to detachment of the film occurred in the amorphous MgB 2 layer, leaving a layer of amorphous material on both substrate and the crystalline film.
An image and two selected area diffraction (SAD) patterns from the upper crystalline half of the plan-view specimen are shown in figure 7 . Several SAD patterns were obtained from widely spaced regions, each probing ∼1 µm 2 in the plane of the film. All of the SAD patterns were ring-type, like 1 µm those shown in figure 7(b) and 7(c), a characteristic of finegrained material. The interplanar spacings indicated by the rings showed the presence of significant volume fractions of both MgB 2 and MgO throughout the sample. All MgB 2 rings from crystal planes other than (hki0) were absent when the electron beam was directed along the film surface normal, as indicated in figure 7(b) . Arcs, rather than rings are indicated in figure 7(c). These arcs appeared at the MgB 2 inter-planar spacing when the beam was tilted significantly away from the film normal. These two characteristics of the SAD patterns show that most MgB 2 grains have their [0001] axis oriented along the film surface normal but lack preferred orientation in the plane of the film. Such random orientation of ∼10 nm grains in the plane of the film implies a high density of high-angle grain boundaries in the film plane. By contrast, no crystallographic texture was detected in the rings corresponding to the MgO phase.
The dark-field plan view TEM image in figure 7 result that is consistent with the completeness of the diffraction pattern rings and with x-ray peak broadening measurements from the same film [4] . The grain dimensions in the plane of the film appear to be approximately equi-axed. The close interplanar spacings of the MgO and MgB 2 precluded dark field imaging from just MgO or MgB 2 , as it was not possible to exclude all but one ring from the aperture used to produce the dark field image. In fact, the aperture used for the image in figure 7(c) included small arcs from multiple rings from both the MgO and the MgB 2 , and thus a rather larger fraction of the grains appear bright than would be expected from a 'single-g' dark field image. The cross-sectional image shown in figure 8 shows that the grains actually are plate-shaped with similar aspect ratio to those observed in the much larger grain-size bulk materials. Because the grain size is smaller than the specimen thickness in most areas of the specimen, the grains overlap in the projected image. As a result, the plate shape is most apparent for the larger grains of the order 30 nm × 10 nm. However, careful inspection of figure 8(a) clearly reveals both the shape anisotropy and the strong tendency of the plates to align with [0001] parallel to the film surface normal. The result is a brick-wall-like arrangement of grains, such that most grain boundaries lie either parallel or approximately perpendicular to the film normal. This cross-sectional image shows the microstructure in the upper half of the film. It is fully consistent with the plan-view observations. Figure 8(b) is a high-resolution image from a rectangular grain in figure 8(a) . It clearly shows that [0001] is aligned along the sample normal. Significant local lattice distortions indicating local strains can also be seen from the high-resolution image. Table 1 summarizes some of the key microstructural observations of this study and correlates them to previously reported normal and superconducting state properties. At this stage of MgB 2 studies, the influence of the formation method on the normal and superconducting state properties of polycrystalline forms of MgB 2 is still not clear. However, since MgB 2 has the hexagonal space group P6/mmm and is a layered compound composed of alternating Mg and B layers, anisotropy of both grain morphology and properties is to be expected. A very clear result of the present study is the tendency of MgB 2 grains to grow in an anisotropic form in which the c-axis is about one third of the in-plane dimensions. This growth anisotropy is paralleled by electronic anisotropy associated with the charge transfer that occurs between the Mg and B layers of the compound. Because of the textured nature of the thin film examined here, Patnaik et al [16] were able to measure the ratio of the parallel and perpendicular upper critical fields (H c2 /H c2 ⊥ ). This ratio, which is also the electron mass anisotropy, was found to be 2.0. A recent measurement of H c2 /H c2 ⊥ on a single crystal [17] gave a value of 2.7. These values are a little smaller but still rather similar to the grain shape anisotropy of the order 3 measured on four samples in this study. It should be noted, however, that there are some reports of anisotropy ∼6 as determined from detailed analysis of kinks in the magnetization curves [19] . The influence of grain boundaries on electrical transport in the normal and the superconducting state may also be revealed by some of the measurements made here because of the wide range of grain size, resistivity and critical current density exhibited by the samples.
Discussion
Direct reaction of B with Mg solid or vapour produces bulk samples that can have resistance ratios (RR = R RT /R 40 K ) as high as 25, which correspond to low resistivities at 40 K of 0.4 µ cm or less [3, 18] . Sintering of previously made MgB 2 generally does not produce resistance ratios higher than 5 [2, 20] . It is not yet clear whether this RR variation is controlled by the purity of the MgB 2 or by extra scattering at grain boundaries when the grain size becomes comparable to the electron mean-free path or, for example, in the thin film, by MgO fine-particle scattering. Complicating an understanding of sample quality effects are several factors. One is that few samples, except high-pressure sintered samples [21] [22] [23] , are 100% dense, a second is that MgB 2 appears to decompose to form MgO in the presence of air [24] , while a third is that little is yet known about the capability of MgB 2 to be nonstoichiometric or to dissolve additional elements that might raise the intragrain or grain boundary scattering.
Of the samples examined here, the directly reacted Bfilament has the largest grain size, the grain size reaching several microns (figures 4 and 5). A bulk sample produced from Mg and B powder by direct reaction [18] was shown in figure 3 . Its extensive porosity (∼20%) and grain size of the order 3-5 µm is quite clear. This sample has been the subject of an extensive MO study by Polyanskii et al [25] . The sample shows absolutely no sign of granular superconducting behaviour even up to 1 K below T c , even though the resolution of the MO technique is approximately the grain size of the MgB 2 . These samples have the lowest resistivities by far of all those examined and their calculated electron mean-free path of 60 nm [3, 18] is well below the grain size, suggesting that grain boundary scattering will be smallest in these samples.
The sintered bulk MgB 2 examined here (figure 2) has a much smaller grain size of the order 200 nm. Its resistivity was not measured but with an RR of only 1.3. It evidently contains much more scattering than the above two samples. Part of this may be due to its significantly smaller grain size of ∼200 nm and part to it being composed of a rather weakly connected matrix in which strong superconducting regions, themselves strongly polycrystalline, were observed [2] . The distinction between the electromagnetically stronger and weaker regions is marked in terms of grain morphology, the stronger regions having anisotropic grains like the directly reacted samples. By far the highest resistivity (∼440 µ cm) was found for the thin film made by pulsed laser deposition from a sintered MgB 2 target, subsequently annealed in a Mg atmosphere [4] . In this case the grain size was exceptionally small, ∼10 nm. A significant fraction of MgO particles was also present, thus providing two reasons why the film should scatter strongly. In addition, x-ray diffraction showed that this film had an expanded c-axis lattice parameter [4] believed to be due to O incorporation in the film. In fact the resistivity of the film may be even higher than the 440 µ cm quoted above since the film reacted strongly with the SrTiO 3 substrate. The actual thickness of the crystalline MgB 2 layer was half the nominal 500 nm thickness (figure 6), thus suggesting that ρ (40 K) was in fact of the order 880 µ cm. This film also showed a strong [0001] texture (figure 7) and an anisotropic brick-walllike grain structure ( figure 8(a) ). In summary therefore we see that resistivity correlates well to the grain size, the finer the grain size, the larger the resistivity, although other factors such as MgO and alloying of the MgB 2 phase are also expected to play significant roles in raising the resistivity.
In the A15 compounds like Nb 3 Sn, grain boundaries are known to be flux-pinning centres [11, 28] . The origin of the pinning interaction is generally believed to be a partial suppression of the superconducting properties at the grain boundary, due either to the extra scattering at the grain boundary [26] or to the local suppression of the superconducting order parameter [27] . Grain boundary scattering, which produces a local change in the GinzburgLandau parameter kappa, called delta kappa pinning, is believed to be the underlying flux-pinning mechanism in the similarly clean-limit A15 compounds [11, 28] . The magnetic field dependence of the global flux-pinning force
, where B K is the field at which the linear function J c 0.5 B 0.25 versus B goes to zero as Nb 3 Sn, is also found for MgB 2 . The maximum value of F p is found to scale as the inverse grain size, which is equivalent to the area of grain boundary per unit volume [28] , thus favouring small grain sizes to obtain the highest pinning forces and critical current densities. This is qualitatively consistent with the study of the present samples, as well as with the magneto-optical study of Polyanskii et al [25] already cited. Table 1 summarizes the reported J c values at 4-5 K and fields of 0-0.1 T. The highest value of 1-2 × 10 6 A cm −2 (the upper value is justified by the real thickness of the film being half the nominal one as shown in figure 6 ) was seen for the 10 nm grain size thin film, which had a very high density of high-angle grain boundaries in the film plane, while lower values of 1-4 × 10 5 A cm −2 were obtained in the bulk samples. Since all such measurements were made by magnetization, they are probably uncertain to a factor of ∼2. Clearly there is a strong presumption that grain boundaries are beneficial, not deleterious, to the critical current density. Finally, we note strong additional support for the fact that grain boundaries act as pinning centres. In the recent single crystal study of Xu et al [17] there was no significant magnetization hysteresis indicative of bulk current density, even at 5 K, for measurements made with the field applied either parallel to or perpendicular to the Mg and B planes. This appears to rule out both intra-grain flux pinning by the point defects found in single crystals or by the layered nature of the MgB 2 phase itself. Both results are consistent with the fact that the superconducting coherence length is of the order 5-6 nm [2, [15] [16] [17] [18] 20] , much larger than the scale of the atomic structure of MgB 2 for which the Mg-B spacing is 0.176 nm.
Conclusions
The microstructure of several electromagnetically wellcharacterized superconducting thin films and bulk-scale MgB 2 was studied using electron microscopy. Anisotropic plateshaped grains with an aspect ratio of the order 3 and large faces parallel to the (0001) planes of the layered structure were observed in four different forms of the material. 
